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AE

© “ALPHA

ALPI
o
CEl, 2
CLL
CLLR
CLM
CLMR
CLN
CLNR
CONFIG
CN
CNR
cY
CYR
DCLLR
DCLMR
DCLNR
DCNR
DCYR
DNV
ppPvl

NOMENCLATURE
Throat area of venturi flow meter, in.Z
Nominal RCS jet exit area, 0.014698 in.2
Angle of attack in body axes, deg
Indicated sector pitch angle, deg
Venturi flow meter discharge coefficient
Hot film flow meter calibration factors
Ro11ing moment coefficient including thrust
Ro11ing moment coefficient without thrust
Pitching moment coefficient including thrust
Pitching moment coefficient,without thrust
Yawing moment coefficient inciuding thrust
Yawing moment coefficient without thrust
RCS jet configuration -
Normal force coefficient including thrust
Normal force coefficient without thrust
Side force coefficient including thrust
Side force coefficient without thrust

See Section 3.3.1

» See Section 3.3.1

See Section 3.3.1
See Section 3.3.1
See Section 3.3.1
Venturi f]oQ meter throat diameter, in.

Venturi system differential pressure, (supply total
pressure - throat static pressure), psid




EFILM Voltage reading of hot film mass flow system, volts

ELEVON Elevon angle, positive trailing edge down, deg
EZERO . Voltage reading 6f hot film mass flow system with
‘zero flow, volts
Ki, 2 Calibration constantS'fdrlmode1 chamber pressures PCl, 2
KM1, 2 Rockwell-supplied mass flow calibration factor for

forward and aft RCS jets, respectively,
1bm/ (sec-9R0-3-psia)

KT1 | RCS thrust tare calibration factor for normal force,
1bf/psia

KT2 RCS thrust tare calibration factor for pitching moment,
in.-1bf/psia

KT3 RCS thrust tare calibration factor for side force,
1bf/psia : .

KT4 RCS thrust tare calibration factor for yawing moment,
in.-1bf/psia :

KTS RCS thrust tare calibration factor for rolling moment,
in.-1bf/psia '

KTHALS : Rockwell-supplied RCS group thrust calibration factor
for aft left side, 1bf/psia

KTHARS Rockwel1-supplied RCS group thrust calibration factor

- for aft right side, 1bf/psia

KTHFLS : Roékwe11—supp1ied RCS group thrust calibration factor
for forward left side, 1bf/psia

KTHFRS Rockwell-supplied RCS group thrust ca]ibrafion factor
for forward right side, 1bf/psia

L1, 2, 3 Reference lengths for pitching, yawing, and rolling

' moments respectively, 5.935, 11.709, 11.709 in.

M Free-stream Mach number

MDOT Auxiliary air flow rate, 1bm/sec

MDOTP Intermediate mass flow calculation, 1bm/sec

MU Dynamic viscosity at venturi flow meter, 1bf-sec/ft2



NALS
NARS
NFLS
NFRS
.
P2PA
PC1,2
PC1A, 2A
PFILM
PHI
PHII
PHIM
PS1
PS2
PT
PTS
PTV1

Q
RE

RED

TC

Total number of active RCS jets

Number of RCS jets for aft left group
Number of RCS jets for aft right group
Number of RCS jets for forward left group
Number of RCS jets for forward right group
Free-stream static pressure, psia
Intermediate mass flow parameter

Calculated model chamber pressures, psia
Measured model chamber pressures, psia
Total pressure at hot film flow meter, psia
Model roll angle, deg

Indicated sector roll angle, aeg
Intermediate term for venturi mass flow calculation
Sting air supply line static pregsufé, psia
Pressure at flow meter, psia

Free-stream total pressure, psia

Sting air supply line total pressure, psia

Auxiliary air total pressure upstream of venturi flow
meter, psia

Free-stream dynamic pressure, psia
Free-stream unit Reynolds number, ft-1

Reynolds number at venturi flow meter based on
throat diameter

Reference area, 60.525 in.2
Free-stream static temperature, OR

Calculated temperature in model air supply
chambers, OR




TFILM
TFM

TVl

WG

Total temperature at hot film flow meter, OR

Auxiliary air total temperature at either venturi or
hot film flow meter, OR

Auxiliary air total temperature upstream of venturi
flow meter, OR

Free-stream velocity, ft/sec

Auxiliary air flow rate calculated using Rdckwe]]-supp]ied
discharge coefficients, 1bm/sec



1.0 INTRODUCTION

The work reported herein was performed by the Arnold Engineering
Development Center (AEDC), Air Force Systems Command (AFSC) under
Program Element 921E01, Control Number 9EO01, at the request of NASA
Johnson Space Center, Houston, Texas. The NASA project manager was
Mr. D. B. Kanipe, and the Rockwell International representative was
Mr. J. G. R. Collette. The DOFA project manager was Captain K. Gibby.
The results were obtained by Calspan Corporation/AEDC Division,
operating contractor of the Aerospace Flight Dynamics testing effort at
the AEDC, AFSC, Arnold Air Force Station, Tennessee. The test was
performed in the von Karman Gas Dynamics Facility (VKF), Hypersonic Wind
Tunnel B, during the period of January 20 through February 6, 1987,
under AEDC Project Number CHO7VB (Calspan Number V41B-27).

The purpose of this test was to expand the existing Space Shuttle
aerodynamics and reaction control system (RCS) data base to support the
Glide Return to Launch Site (GRTLS) abort trajectory and the new Digital
Autopilot. An existing model of the orbiter was used to investigate the
aerodynamic effects of several combinations of RCS thrusters and
thruster momentum ratios at Mach number 6. Two separate - model
installations were used to achieve an angle-of-attack range of
-11 to 46 deg. The test was conducted at a unit Reynolds number of
0.8 x 106 per foot. ' :

Inquiries to obtain copies of the test data shbuld be directed to
NASA/JSC, ED 3, Houston, TX 77058. A microfiche record has been
retained at the AEDC.

2.0 APPARATUS
2.1 TEST FACILITY

The von Karman Gas Oynamics Facility Hypersonic Wind Tunnel B
(Fig. 1) is a closed circuit hypersonic wind tunnel with a 50-in.-diam.
test section. Two axisymmetric contoured nozzles are available to
provide Mach numbers of 6 and 8, and the tunnel may be operated
continuously over a range of pressure levels from 20- to 300-psia at
Mach number 6, and 50- to 900- psia at Mach number 8, with air supplied
by the VKF main compressor plant. Stagnation temperatures sufficient to
avoid air liquefaction in the test section (up to 1350 9R) are obtained
through the use of a natural-gas-fired combustion heater. The entire
tunnel (throat, nozzle, test section, and diffuser) 1is cooled by
integral, external water jackets. The tunnel is equipped with a model
injection system which allows removal of the model from the test section
while the tunnel remains in operation. A description of the tunnel may
be found in Ref. 1.

2.2 TEST ARTICLE

Model 70-02, a 1.25-percent-scale model of the Space Shuttle
Orbiter Vehicle 102, was supplied by Rockwell International and was
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constructed of 17-4 PH stainless steel (Figs. 2 and 3). Elevon settings
of 0, +20, and -20 deg were provided by interchangeable brackets.

Thirty-four RCS thrusters were simulated on the model, of which
eight were inactive. Of the twenty-six active thrusters, eight were on
the nose and nine were on each of the Orbital Maneuvering System (OMS)
pods:~ (Fig. 4). The model RCS system was composed of three removable
nozzle blocks, one for each of the two OMS pods and one for the nose.
Each thruster could be operated separately or in combination with any of
the other thrusters by removing plugs from specific holes in the nozzle
blocks. Table 1 shows the combinations of RCS thrusters tested.

A1l thrusters in a nozzle block were fed from a common chamber.
The chamber for each block was connected to the Auxiliary Mass Flow
System through the model support sting and 1load balance. Chamber
pressures in both the aft and forward nozzle blocks could be measured,

as well as the static and pitot pressure in the sting air supply line.

2.3 TEST INSTRUMENTATION

The dinstrumentation, recording devices, and calibration methods
used for all measured parameters are listed in Table 2. In Tunnel B,
stilling chamber pressure is measured with a 200- or 1000-psid
transducer referenced to a near vacuum; the stilling chamber temperature
is measured with Chromel-Alumele thermocouples.

2.3.1 Pressure and Mass FlLow Instrumentation

Pressures in the sting air supply line were measured with two
2000-psi Setra pressure transducers calibrated for the range of 200- to
1200-psia. During the jet-calibration phase of the test, pressures in
the model air-supply chambers were measured with two additional 2000-psi
Setra transducers calibrated for the same range. The Tunnel B Standard
Pressure System (SPS) was used to measure the ambient pressure on the
model during the jet calibrations. The SPS uses 15-psid transducers
with ranges of 0.15-, 1.5-, and 15-psia and is referenced to near
vacuum. :

The auxiliary mass flow system was used to supply air to the model
during jet calibrations and tests. The supply air was metered through a
long-radius venturi package for flow rates above 0.05 1bm/sec or for air
supply pressures greater than 900 psia. A hot film anemometer package
was used for lower flow rates and pressures.

2.3.2 Model Force Instrumentation

Model forces and moments were measured with a five-component, flow-
through, strain gage balance (designated SS05) which was supplied by
NASA Langley Research Center and was calibrated by AEDC. Prior to the
test, static loads in each plane and combined loads were applied to the
balance to simulate the range of loads and center-of-pressure locations



anticipated for the test. This simulated loading was performed with an
internal balance air pressure of 1100 psia.

2.3.3 Optical

Model flow-field shadowgraph photographs were obtained during the
test on all configurations at selected model attitudes. The photographs
were obtained with a single-pass optical flow-visualization system
through two 17.25-in.-diam. test section windows.

3.0 TEST DESCRIPTION

3.1 TEST CONDITIONS

The nominal test condition for the test is given below:

M PT, psia TT, OR Q, psia P, psia RE, 105/ft vV, ft/sec T, °R
5.96 40.4 850 0.66 0.027 0.76 2992 105

A test summary showing all configurations'tested is presented in
Table 3.

- 3.2 TEST PROCEDURES

3.2.1 General

In the continuous flow Wind Tunnel B, the model is mounted on a
sting support mechanism in an installation tank directly underneath the
tunnel test section. The tank is separated from the tunnel by a pair of
fairing doors and a safety door. When closed, the fairing doors, except
for a. slot for the pitch sector, cover the opening to the tank, and the
safety door seals the tunnel from the tank area. After the model is
prepared for a data run, the personnel access door to the installation
tank is closed, the tank is vented to the tunnel flow, the safety and
fairing doors are opened, the model is injected into the airstream, and
the fairing doors are closed. After the data are obtained, the sequence
is reversed; the model is retracted into the tank, and the the tank is
vented to atmosphere to allow access to the model in preparation for the
next run. The sequence is repeated for each configuration change.

3.2.2 Data Acquisition

Model attitude positioning and data recording were accomplished
with the point-pause and continuous sweep modes of operation, using the
VKF Model Attitude Control System (MACS). Model pitch and roll
requirements were entered into the controlling computer prior to the
test. Model positioning and data recording operations were performed




automatically during the test by selecting the 1ist of desired model
attitudes and initiating the system.

Point-pause data were obtained for selected values of ALPHA and
BETA after a 1.0 sec delay for stabilization. Continuous sweep data
were obtained with a pitch rate of 1.0 deg/sec. A data sample was
recorded every 0.0208 sec and 16 samples were applied to a sliding
Kaiser-Bessel digital filter to produce a point every 0.3 deg in pitch.
Theidata were then 1nterpo]ated to obtain data at the requested model
attitudes.

Generally, after a model jet configuration was set, the model was
injected into the tunnel flow, and a run at zero mass flow rate was
made. This zero-flow-rate run served to demonstrate repeatable
operation of the force balance and was later used for computing the
difference between jet-on and jet-off (i.e. interference) force data.
After the zero-flow-rate run was completed, the model remained in the
tunnel test section, a mass flow rate was set, and data were obtained.
This process was repeated for all desired flow rates for the specific
configuration.

Prior to the force testing phase, a calibration was made to
correlate PCIA and PC2A (the model air supply -chamber pressures) with
PTS (the pitot pressure in the sting air supply line) for several RCS
jet configurat1ons. ‘These data were extrapolated to obtain correlations
for the remaining jet configurations. The PClA and PC2A pressure tubes
were then disconnected from the model to eliminate interference with the
force balance.

After the calibration of PCIA and PC2A, a thrust calibration was
performed. This was accomplished by reducing the pressure in the model
installation tank to approximately 0.5 psia and obtaining force data at
several mass flow rates. The reduced tank pressure was required to
ensure that the flow from each RCS jet was fully expanded. To
eliminate jet impingement, a sting-mounted shield was placed at the aft
end of the model, and the model wing and body flap were removed. This
calibration resulted in .a correlation of the thrust for each of the five
balance components with PTS. A thrust calibration was performed for
each of the RCS configurations.

3.3 DATA REDUCTION
3.3.1 Forces and Moments

Static force data obtained utilizing the tunnel data acquisition
system described in Section 3.2 were reduced to coefficient form using
the digitally filtered data points and corrected for first- and
second-order balance interaction effects and for the RCS air supply
pressure in the balance. The aerodynamic coefficients were corrected
for model tare weight and balance-sting deflections. Model attitude and
tunnel stilling chamber pressure were also calculated from digitally
filtered values.



Model aerodynamic force and moment coefficients are presented in
the body axis system. The reference area was the model planform of
60.525 in.2. Moment coefficients are referenced to a point
corresponding to the orbiter center of gravity at 65-percent of the body
length (Fig. 2). The mean cord, 5.935 in., was used to normalize
pitching moment, and the span, 11.709 in., was used in normalizing
yawing and rolling moment.

~ The body axes coefficients were corrected for thrust effects using
the following equations:

CNR = CN - KT1*PTS/(Q*S)
CLMR = CLM - KT2*PTS/(Q*S*L1)
CYR = CY - KT3*PTS/(Q*S)
CLAR

CLN - KT4*PTS/(Q*S*L2)
CLLR

CLL - KT5*PTS/(Q*S*L3)

where KT1-5 were determined during the thrust calibration described in
Section 3.2.2 and are listed in Table 1d.

The interference effects coefficients were calculated using the
equations: :

OCNR = CNRjet_on run - CNRjet-off run

DCIMR = CLMRjet_on run - CLMRJ'et_fo run

DCYR = CYRjet-on run - CYRjet-off run
DCLNR

CLNRjet-on run - CLNRjet_off run
DCLLR

CLLRjet-on run - CLLRjet-off run

3.3.2 Pressures

The sting pressures, PTS and PS1l, were measured parameters. For
the calibration, the model chamber pressures, PClA and PC2A, were also
measured. For the remainder of the test, the model chamber pressures
were calculated using the calibration constants, i.e.:

PCl = K1 * PTS .

PC2 = K2 * PTS

where K1 and K2 are given for each configuration in Table lc.
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For the calculation of TC (described below in Section 3.3.3), a
"flow meter pressure," PS2, was used. For runs using the hot film flow
meter, PS2 was set equal to PFILM, and set equal to PTV1 for runs using
the venturi flow meter. Standard data reduction methods were used to
calculate PFILM, DPV1l, and PTV1.

3.3.3 Temperature

TFILM and TTV1 were measured parameters. For the WG calculation of
Section 3.3.4, a model chamber temperature was calculated. This was
accomplished by applying the Joule-Thompson throttling correction to the
flow meter temperature which gives the equation

TC = TFM - 0.0279*(PS2 - PTS)

where TFM was set equal to TFILM for runs using the hot film flow meter,
and set equal to TTV1 for runs using the venturi flow meter.

- 3.3.4 Flow Rates
The data reduction equations used for the hdt film are
MDOTP = CE1*(EFILMZ - £2£R02)CE2 o
MDOT = [ (TFILM/530)1-5+728.6/(TFILM + 198.6) |*MDOTP
where the term in brackets is a viscosity correction.
The equations used for the venturi flow rate data reduction are

P2PA

1.0 - DPV1/PTVL
PHIM

((P2PAl-4286/0 28571)*(1.0 - P2pA0-28571y /(1.0 -
0.000397*p2pAl.4286))0.5

MDOTP = 1.09822*PHIM*PTV1*A/TTV10.5

MU = 2.89*10-9*TTv10.7778

RED = 0.474883*MDOTP/MU/DNV

€0 = 1.0 - 2.03/REDO.44

MDOT = CD*MDOTP

11



A secondary flow rate calculation was made wusing discharge
coefficients provided by Rockwell, which resulted in the equation

= (KM1*PC1 + KM2*pC2)/TC0.5

The values of KMl and KM2 used for each RCS configuration are given
in Table lc.

3.3.5 Thrusts and Momentum Ratios

Four groups of jets were designated for the RCS system: FLS,
forward left side; FRS, forward right side; ALS, aft left side; and ARS,
aft right side. For each group, theoretical and "actual" thrusts and
momentum ratios were calculated. The theoretical thrusts were

calculated using the nominal RCS jet geometry which resulted in the
equation

TxxxT = Nxxx*(0.0019554*PCx - 0. 0147*P)

where xxx designates the jet group and PCx was PCl for the forward
groups and PC2 for the aft groups.

The "actual" thrusts were computed using diséharge coefficients
provided by Rockwell. The resulting equation was

TxxxA = KTHxxx*PCx - xxx*P*AE

with the same conventions previously used for PCx and xxx. The KTHxxx
values used for each configuration are given in Table lc.

In the same manner as for the theoretical thrusts, the theoretical
momentum ratios were determined using the nominal jet geometry. This
resulted in the equation

MRxxxT = 0.0022345*Nxxx*PCx/Q

The "actual" momentum ratio for each group was then determined using the
equation

MRxxXA = TxXXXA*MRXXXT/Nxxx/TxxxT

An overall momentum ratio was calculated using only the thrust
groups on the left side of the model, resulting in the equation

MR = (NFLS*MRFLSA + NALS*MRALSA)/(NFLS + NALS)

12




3.4 MEASUREMENT UNCERTAINTIES

In general, instrumentation calibrations and data uncertainty
measurements were made using methods recognized by the National Bureau
of Standards (NBS), (Ref. 2). Measurement uncertainty (U) is a
combination of bias and precision errors defined as:

U=+ (B+ tgsS)

where B is bias limit, S is the sample standard deviation, and tgg is
the 95th percentile point for the two-tailed Student's "t" distribution,
which equals approximately 2 for degrees of freedom greater than 30.

Estimates of the measured data uncertainties for this test are
given in Tables 2a and b. In general, measurement uncertainties are
determined from in-place calibrations through the data recording system

and data reduction program.

The propagation of the estimated bias and precision errors of the
measured data through the data reduction was determined for free-stream
. parameters in accordance with Ref. 2, and is summarized in Table 2b.

4.0 DATA PACKAGE PRESENTATION

Force and moment data, mass flow data, and test conditions were
reduced to tabular and graphical form for presentation as a Data
Package. Examples of the basic data tabulations and plots -are shown in
the Sample Data. A1l photographic data, including model installation
and shadowgraph photographs, were sent to the sponsor and user under
separate cover.

13
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a. Left-side Jets
Figure 4. Location of RCS Jets
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b. Right-side Jets

Figure 4. Concluded
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Table 1. (Continued)

b. RCS Parameters

Config. NFLS NFRS NALS NARS N
11 o 1 o 1 2 [ o 1 2z ]

2 1 1
3 2 2

4 1 1

5 2 2

6 3 3

7 Y Y 1 1
8 2 2 0 Y 4
9 0 0 2 2 \
10 2 2 3 3 10

11 f Y 0 0 4
12 0 0 3 .3 6
13 i f 0 0 0
14 ~ 2 l l 2

15 2 0 |
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Table 3. Test Run Summary

a. Calibration Runs

CHAMBER PRESSURE . THRUST
CONFIGURATION CALIBRATIONS CALIBRATIONS

1 8006, 8007 8043, 8044
2 8008, 8009 8045, 8046
3 8010, 8011 8047, 8048
4 - 8049, 8050
5 - 8051, 8052
6 8012 8053

7 - 8054

8 8013 8055

9 8014 8056

10 8015, 8016 8057, 8058
11 - ., 8065, 8066
12 8018, 8019 8132,8133
13 - -

14 8017 -

15 - 8071
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